P latelet-derived growth factor (PDGF) is a potent mitogen, chemoattractant, and survival factor for vascular smooth muscle cells (SMCs). The biological effects of PDGF are initiated through 2 related receptor tyrosine kinases, receptor-␣ (PDGFR-␣) and receptor-␤ (PDGFR-␤). Both PDGFR-␣ and PDGFR-␤ are expressed in vascular SMCs, but PDGFR-␤ expression is higher and PDGFR-␤ has been implicated in vascular remodeling. 1,2 PDGFR-␤ triggers cellular proliferation, migration, and survival 3 but also contributes to atherosclerosis 4, 5 and malignant neoplasia. 6 Ligandinduced dimerization of the PDGF receptor leads to autophosphorylation of the receptor and the subsequent binding and phosphorylation of downstream signaling proteins. 3, 7 Activated PDGF receptors are known to bind a variety of SH2-domain containing signal transduction molecules at specific tyrosine residues, such as phospholipase C-␥ (PLC␥), phosphatidylinositol 3Ј kinase (PI3K), GTPase activating protein for Ras (RasGAP), the tyrosine phosphatase SHP-2, the Src family of tyrosine kinases, as well as signal transducers and activators of transcription (Stats), and adaptor molecules such as Grb2, Shc, Nck, Grb7, and Crk. Activation of these signaling proteins leads to the induction of highly specific signal relay cascades. Downstream mediators of the PDGFR-␤ include Akt, ERK, and small G proteins including rho and rac-1, which mediate various cellular responses such as cell cycle progression, actin reorganization, migration, and survival. 3, 8, 9 Endocytic trafficking of EGF receptor has been well studied, but less is known about PDGF receptor trafficking and endosomal signaling, and it is not completely clear how endocytosis and trafficking of the PDGF receptor are regulated. As a receptor tyrosine kinase (RTK), one of the earliest responses of the PDGF receptor is to stimulate its own internalization. Internalized receptors can recycle back to the cell surface 10, 11 or be sorted to the lysosome for degradation. [12] [13] [14] It has been reported that the SH2 domain-containing proteins that bind to receptor cytoplasmic domains may play a role in the trafficking of PDGF receptor. 14, 15 Additionally, the PI3K binding sites present on the PDGF receptor are required for the correct trafficking and assembly of the receptor into juxtanuclear vesicular structures after PDGF stimulation. 15 However, continued investigation of the importance of the PI3K binding sites revealed that they are not required for internalization of PDGF receptor, but are required to divert the PDGF receptor to a degradation pathway. 16 Emerging evidence has suggested that endocytosis of RTKs is not only a mechanism for deactivation and degradation, but also a positive signal for downstream biological responses. Therefore, the endosome can serve as an assembly site for the formation of progrowth and survival signaling complexes after activation of the EGF receptor or PDGF receptor. 17, 18 The Rho family of small GTPases plays a pivotal role in the dynamic regulation of the actin cytoskeleton. Recent studies also point to multiple functions for these signaling proteins in endocytic trafficking pathways. RhoB localizes both to the plasma membrane and the membrane of multivesicular late endosomes (MVBs). 19 -21 It has been demonstrated that through binding and activating of protein kinase C-related protein kinase (PRK1), RhoB regulates the kinetics of EGF receptor traffic from endosomes to a prelysosomal compartment. 21, 22 In addition, RhoB and PRK1 cause recruitment of the PI3K effector PDK1 to endosomes. 23 Further study of the role of RhoB in the endocytic pathway has revealed that activation of RhoB inhibits the transfer of the receptor from the late endosomal compartment to the lysosome. 24 The importance of RhoB in endocytic-trafficking has been extended to include the trafficking of other important cellular factors, such as Akt and Src. 25, 26 RhoB is an important determinant of Akt stability and trafficking to the nucleus in endothelial cells, and regulates endothelial cell survival during vascular development. 25 In the case of Src protein, RhoB is associated with Src in perinuclear recycling compartments, and regulates both catalytic activation of Src and translocation of active kinase to peripheral membrane structures. 26 Recent work has revealed that RhoB regulates endosome transport by recruiting and activating the Diaphanousrelated formin, Dia1, which interacts with other endosomal proteins (such as actin) and promotes actin assembly on endosomes. 27 Thus, evidence to date strongly implicates RhoB as a mediator of vesicle trafficking that may contribute to the regulation of RTKs and their downstream signaling cascade. Whether RhoB plays a role in the trafficking and signaling of the PDGF receptor is not known.
By using a RhoB knockout mouse model, we addressed the role of RhoB in PDGF signaling and PDGFR-␤ trafficking in vascular SMCs. Our results suggest that RhoB may play a critical role in the physiological function of vascular SMCs by regulating PDGFR-␤ trafficking processes.
Methods

Isolation and Culture of Vascular SMCs
The generation and characterization of RhoB heterozygous (ϩ/Ϫ) and RhoB nullizygous (Ϫ/Ϫ) mice, which are fertile and lack apparent developmental defects, have been described previously. 28 RhoB ϩ/Ϫ and Ϫ/Ϫ mice were euthanized and the aorta removed as a source for vascular SMCs. Cells were isolated and cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and maintained at 37°C in a humidified 5% CO 2 atmosphere. For all experiments in this study, cells of only 3 to 5 passages were used. For quantification, cells were seeded into 24-well culture plates at a density of 10 5 cells per well, transferred to serum-fee medium (SFM) for 16 hours, treated with or without recombinant PDGF-BB (Cell Signaling Technology) as noted, and then harvested by trypsinization and counted using a hemocytometer at the indicated time points.
Western Blot Analysis
Cells were harvested by scraping and washing twice in PBS, then lysed in RIPA buffer containing protease and phosphatase inhibitors.
Equal protein for each sample (typically 30 g/lane) was separated by SDS-PAGE and blotted to Immobilon-NC membrane (Millipore). Blots were incubated with primary antibodies as recommended by the vendor and were detected with HRP conjugated secondary antibodies using the ECL reagents from PIERCE according to the manufacturer's instructions. Primary antibodies to the following antigens were used: RhoB (Bethyl Laboratories); PDGFR-␤ and actin (Santa Cruz Biotechnology); phospho-y751-PDGFR␤, Akt, phospho-s473-Akt, ERK, phospho-ERK, Src, and phospho-y416-Src (Cell Signaling Technology). The phospho-PDGFR antibody used recognizes a phosphorylated tyrosine residing in the docking site for PI3K. 29 Blots were stripped and with actin antibody to show equal protein loading.
Retrovirus Production and Infection
Ectopic expression of wild-type RhoB (RhoB-WT) was restored in RhoB null cells by infection with recombinant retroviruses described previously. 30 Briefly, a hemagglutinin antigen epitope (HA)-tagged RhoB-WT cDNA was subcloned into the replication-incompetent retroviral vector MSCVpac which includes a puromycin selection marker. Recombinant MSCVpac viruses were packaged by standard methods in Phoenix cells. After infection, cells were maintained in supplemented DMEM containing 1 to 2 g/mL puromycin to select for drug-resistant cell populations.
Immunofluorescence Studies
Cells were washed twice in cold phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde, washed with PBS, and permeablized with PBS/0.1% Triton X-100. After blocking with PBS plus 10% goat serum, cells were incubated with primary antibodies overnight. In addition to the antibodies noted above, anti-LAMP-1 and antiRab11 (BD Transduction Laboratories) were used to detect late endosome/lysosomes and recycling endosomes, anti-EEA-1 (Upstate Biotechnology) was used to detect early endosomes, Nonconjugated antibody was detected by 1-hour incubation with speciesspecific fluorescein isothiocyanate (FITC) or Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). To visualize nuclei, cells were stained with 4Ј,6-diamidino-2-phenylindole (DAPI) in the mounting medium, before examination by fluorescence microscopy. Fluorescent signal was analyzed using a Zeiss Axiovert 220 mol/L microscope powered by Axiovision 4.0 software with multi-channel/Z-stack acquisition and 3D-deconvolution modules.
Results
Loss of RhoB Ablates PDGF-Induced Proliferation of Vascular SMCs
Initially, we asked whether PDGF would elicit a different proliferative response in aortic vascular SMCs isolated from RhoB ϩ/Ϫ and Ϫ/Ϫ mice. Based on earlier evidence of haplosufficiency of RhoB we used vascular SMCs from RhoB ϩ/Ϫ animals to control for the presence of the neomycin resistance cassette used in the generation of the knockout RhoB mice. 28 In ϩ/Ϫ cells, addition of 8 ng/mL PDGF stimulated a Ϸ50% increase in cell growth within 48 hours, compared with Ϫ/Ϫ cells where only a Ϸ10% increase in cell growth occurred (Figure 1) . Moreover, by 72 hours after PDGF addition ϩ/Ϫ cells had continued to proliferate to confluence whereas Ϫ/Ϫ cells did not reach confluence in the experiment (data not shown). To examine whether RhoB is specifically required for PDGF-induced growth of vascular SMCs, we performed additional experiments to test the effects of various growth factors such as EGF, endothelin I, and angiotensin II on the growth of vascular SMCs. None of these growth factors exhibited the growth stimulatory effects on both RhoB ϩ/Ϫ and Ϫ/Ϫ cells under serum free culture condition within 72 hours (data not shown). We concluded that RhoB was crucial for PDGF-induced proliferation of vascular SMCs.
RhoB Is Crucial for PDGFR-␤ Phosphorylation and Localization in Vascular SMCs
RhoB is required for the control of endocytic trafficking and has been linked to the intracellular trafficking of EGFR, Akt, and Src. 24 -26 To explore whether RhoB regulates PDGFR signaling and trafficking in vascular SMCs, we first examined the protein level and the phosphorylation status of the PDGFR-␤. Both ϩ/Ϫ and Ϫ/Ϫ cells were incubated with 8 ng/mL PDGF for the indicated times before cells were harvested and lysed for Western analyses. The results showed no obvious difference in the protein levels of PDGFR-␤ between ϩ/Ϫ cells and Ϫ/Ϫ cells after a 0-to 4-hour treatment with PDGF, however more PDGFR-␤ protein was observed in ϩ/Ϫ cells as compared with Ϫ/Ϫ cells after stimulation with PDGF for 24 hours (Figure 2A ). Interestingly, there appeared to be relatively higher phosphorylated PDGFR-␤ protein levels in ϩ/Ϫ cells after PDGF treatment, particularly at 30 minutes after stimulation ( Figure 2A ). Next, we compared PDGFR-␤ subcellular localization in ϩ/Ϫ and Ϫ/Ϫ cells by immunofluorescence staining. We observed that before PDGF stimulation, PDGFR-␤ distributes throughout the cell and that there is a very low level of phospho-PDGFR-␤ in both ϩ/Ϫ and Ϫ/Ϫ cells. After treatment with 8 ng/mL PDGF for 4 hours, the punctate staining of the PDGFR-␤ was observed in the cytoplasm and predominantly in the perinuclear region of the ϩ/Ϫ cells, whereas in Ϫ/Ϫ cells this punctate staining pattern was not observed ( Figure  2B) . Similarly, phosphorylated PDGFR-␤ also showed a punctate perinuclear pattern of staining in ϩ/Ϫ cells after PDGF treat for 30 minutes, but not in Ϫ/Ϫ cells ( Figure 2C ). These observations indicate that RhoB is essential for PDGFR-␤ phosphorylation and localization in vascular SMCs.
RhoB Is Required for PDGF-Induced Activation of Akt and ERK in Vascular SMCs
RhoB has been shown to regulate Akt trafficking and phosphorylation in vascular endothelial cells. 25 It is well established that PDGF-stimulates vascular smooth muscle proliferation through the phosphoinositide-3-kinase (PI3K)/Akt pathway as well as the Ras/Raf/MEK/ERK pathway. To study whether loss of RhoB affects the operation of these signaling pathways, we first examined the levels and phosphorylation status of Akt in ϩ/Ϫ and Ϫ/Ϫ vascular SMCs by Western blotting. After PDGF treatment we observed higher levels of both total and phosphorylated Akt protein in ϩ/Ϫ versus Ϫ/Ϫ cells ( Figure 3A) . PDGF-induced Akt phosphorylation reached a peak at 30 minutes and decreased after 4 hours in both ϩ/Ϫ and Ϫ/Ϫ cells. Immunostaining results also suggested a reduction of phospho-Akt in Ϫ/Ϫ cells with or without PDGF stimulation when compared with ϩ/Ϫ cells ( Figure 3B ). Immunostaining of phospho-Akt was more obvious and abundant in the nuclei of the ϩ/Ϫ cells after PDGF stimulation for 4 hours ( Figure 3B ). This finding suggests that RhoB regulates the trafficking of Akt protein from the cytoplasm into the nucleus following PDGF stimulation. We next compared the phosphorylation and localization status of ERK protein. Western analysis revealed a relative attenuation of ERK phosphorylation in Ϫ/Ϫ cells ( Figure 3A) . Additionally, similar to phosphorylated Akt, phosphorylated-ERK was observed predominantly in the perinuclear region of ϩ/Ϫ cells ( Figure 3C ). After PDGF stimulation for 24 hours, phospho-ERK localized to the nucleus in ϩ/Ϫ cells whereas this pattern of localization was not observed in Ϫ/Ϫ cells ( Figure 3C ). Taken together, these results indicate that RhoB plays a crucial role in PDGFinduced phosphorylation and trafficking of Akt and ERK.
RhoB Mediates the PDGF-Induced Src Activation and Trafficking
Src has been implicated in PDGF signaling that leads to DNA synthesis, actin cytoskeleton rearrangement, and receptor endocytosis. 31 RhoB regulates both catalytic activation of Src and translocation of active kinase to peripheral membrane structures in fibroblasts. 26 Whether RhoB also plays this role in vascular SMCs is not known. We tested the activation of Src by Western blotting using a phospho-Src specific antibody, which recognizes the active form of this kinase. Incubation of cells with PDGF resulted in a rapid increase in phosphorylation of the tyrosine 416 residue of Src in both RhoB ϩ/Ϫ and Ϫ/Ϫ vascular SMCs. This phosphorylation status of Src was still observed in ϩ/Ϫ cells after 24 hours of PDGF stimulation, but not in Ϫ/Ϫ cells ( Figure 4A ). We next examined the localization of active Src in vascular SMCs. We observed a punctate staining pattern of active Src dispersed throughout the cytoplasm, including in the perinuclear region of ϩ/Ϫ cells in serum starved cultures ( Figure 4B ). Four hours after PDGF stimulation, phospho-Src was preferentially concentrated in the nuclear area of ϩ/Ϫ cells ( Figure  4B ). This nuclear accumulation of active Src was not observed in the Ϫ/Ϫ cells. Taken together the observations indicated that RhoB is required for PDGF-induced trafficking of Src kinase from cytoplasm to nucleus.
Loss of RhoB Alters PDGFR-␤ Trafficking in Vascular SMCs
There is little known about the regulation of PDGF receptor trafficking and endosomal signaling. We have observed that the loss of RhoB results in a change in PDGFR-␤ localization. To determine whether PDGFR-␤ localization is associated with the endosomes, and which step of PDGFR-␤ endocytic trafficking might be affected by RhoB, we performed immunostaining of PDGFR and endosomal markers. First, we investigated the colocalization of PDGFR and EEA-1, an early endosome marker. Immunofluorescence results indicated that the colocalization of PDGFR-␤ on EEA-1 associated early endosomes was not significantly different between RhoB ϩ/Ϫ and Ϫ/Ϫ vascular SMCs (supplemental Figure I) . By coimmunostaining with LAMP-1, a marker of the late endosomal/ lysosomal compartment, we are able to examine the association of PDGFR-␤ with later endosomes. The results demonstrate a lack of colocalization of PDGFR-␤ with LAMP-1 in Ϫ/Ϫ cells at 4 hours, whereas these proteins colocalized to punctuate structures in the perinuclear area of ϩ/Ϫ cells ( Figure 5B ). However, we did observe colocalization of the PDGFR and LAMP-1 in large aggregate structures within the Ϫ/Ϫ cells at 0 and 4 hours, suggesting altered PDGFR trafficking or processing in the absence of RhoB. Furthermore, we used Rab11, a marker of recycling endosomes, to perform coimmunostaining with the PDGFR-␤. The results demonstrate a decrease in the colocalization of PDGFR-␤ and Rab11 in RhoB Ϫ/Ϫ SMCs, indicating that loss of RhoB interrupts receptor trafficking through recycling endosomes ( Figure 5C ). Thus, our results argued that the loss of RhoB and associated alteration of receptor trafficking leads to a reduction in the efficiency of nuclear accumulation of phospho-Akt and phospho-ERK, thereby, attenuating PDGF/ PDGFR signaling.
Restoring Expression of RhoB in Null Vascular SMCs Rescues Cell Growth
To rule out the possibility that nonspecific compensating alternations are responsible for cell growth changes in our cell models, we introduced RhoB back into null cells to attempt to restore PDGF-stimulated cell growth. Briefly, retroviral vectors were used to introduce an epitope-tagged wild-type RhoB protein (RhoB-WT) to RhoB-null cells. The restored expression of RhoB-WT was confirmed by Western blotting using a RhoB polyclonal antibody ( Figure 6A and 6B), and the restored RhoB expression level of the infected RhoB null cells was comparable to the RhoBϩ/Ϫ, control cells ( Figure 6B ). Consistent with expectations, RhoB-WT reversed the phosphorylation status of PDGFR␤ and downstream signaling proteins Akt and ERK in response to PDGF-BB stimulation ( Figure 6A ). Furthermore the ectopic expression of RhoB also increased PDGF-induced cell pro- liferation when compared with vector control Ϫ/Ϫ cells ( Figure 6C ). Taken together, these observations confirmed that the poor survival and growth of null cells was indeed directly due to the absence of RhoB.
Discussion
In response to ligand-induced receptor dimerization, PDGFR autophosphorylation occurs, and the receptor associates with a variety of SH2-domain containing signal transduction molecules that mediate cell growth, chemotaxis, actin reorganization, and antiapoptosis. 3, 8 The ligand-receptor complexes cluster into clathrin-coated pits that internalize into early endosomes, which recycle back to the cell surface or traffic to lysosomes for degradation. [11] [12] [13] [14] Internalization of signaling receptors was initially thought to result only in termination of the signaling pathway or in downregulation of the receptor itself via degradation. However, accumulating evidence suggests that signaling takes place not only from the cell surface but also from endosomes and that compartmentalized signaling is physiologically important. 18, 32 Although there is considerable information on PDGF receptor signaling pathways, the regulation of PDGF receptor trafficking and the mechanistic relationship between PDGF receptor trafficking and endosomal signaling are not well understood. In this study, by using a knockout mouse model system, we found that RhoB is involved in the regulation of PDGFR-␤ trafficking and signaling through the Akt and Src pathways, which are known to be critical for PDGF-induced proliferation of vascular SMCs.
In studies of the EGFR endocytic pathway, it has been found that RhoB does not affect receptor sorting into early and late endosomes but that it inhibits subsequent transfer of the receptor through multivesicle bodies to the lysosomal compartment. 24 Other work has shown that RhoB forms a ternary complex with the Rho effector kinase (PRK) and the Akt regulatory kinase (PDK1) in endosomes, and that this binding is necessary for RhoB to regulate EGFR trafficking. 23 In our study, there was no difference in localization of PDGFR-␤ associated with early (EEA-containing) endosomes in RhoB ϩ/Ϫ and Ϫ/Ϫ vascular SMCs, indicating that early endosomal trafficking of PDGFR-␤ is not interrupted by loss of RhoB. However, we found that RhoB is required for the association of the PDGFR-␤ with recycling endosomes (Rab11 containing), and late (LAMP-1 containing) endosomes that assumed a perinuclear localization in vascular SMCs. Our observations are consistent with observations in other cells that PDGF receptors internalize and concentrate in a PI3K-dependent manner to a perinuclear region after PDGF stimulation. 15 Receptor-mediated endocytosis coordinates transport of signaling proteins destined for the nucleus through endosomal compartments in the cytosol. For example, EGFR and Stat3 are routed in this manner to the nucleus where they regulate expression of genes such as cyclin D1 that control cell division. 33, 34 We found that RhoB is important for late endosomal trafficking of PDGFR-␤ and its ability to effectively activate the ERK and Akt signaling pathways that are known to be critical mediators of PDGF signaling. RhoB was also important for efficient nuclear trafficking of activated Akt stimulated by PDGF. Further, we found that in response to PDGF stimulation RhoB mediated the nuclear accumulation of active Src. Our findings in vascular SMCs parallel those made in sprouting vascular endothelial cells, where RhoB has also been demonstrated to be crucial for Akt activation, Akt nuclear localization, and cell survival. 25 Together these findings define an important positive function for RhoB in survival and proliferation of vascular cells, contrasting with the negative functions in growth and survival Note: the HA-tagged RhoB-WT has a slightly higher molecular weight than endogenous RhoB. C, Cell growth of infected RhoB null cells after PDGF-BB stimulation. Cells infected with either vector or RhoB-WT were selected and cultured in low serum (1%). Cell number was determined at indicated times after PDGF-BB stimulation (nϭ3). Cell counts were normalized to the Day 0 count taken before stimulation.
documented in epithelial cells and cancer. 35 From our work and reports from other studies, we suggest that the EGFR and PDGFR require endosomal trafficking for complete propagation of the signaling cascades they engage, and that RhoB is necessary for the correct endosomal compartmentalization of these receptors. To our knowledge this is the first evidence that RhoB is important for vascular SMC survival and proliferation through precise PDGFR-␤ trafficking and downstream signaling (supplemental Figure II) . The findings of this study may have implications for atherosclerosis or other cardiovascular diseases where PDGF-stimulated vascular SMCs are thought to play a role. Additionally, given the ability of farnesyl transferase inhibitors to alter the function of RhoB, 25, 35 our findings support the possibility of applying farnesyl transferase inhibitors for limiting vascular cell proliferation in these or other disease states. 36, 37 
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